Recently determined structures of the oxygen-sensing heme domain of the bacterial protein FixL have revealed a new binding environment and signal transduction mechanism for heme; they have also provided new insights into the diverse 'PAS' domain superfamily.
In Rhizobia, oxygen sensing and transduction of the lowoxygen signal are performed, respectively, by the FixL and FixJ proteins, which belong to the large family of bacterial 'two-component' regulators [1, 2] (the FixL-FixJ signaling pathway [3, 4] is outlined in Figure 1 ). Recently, crystal structures have been determined for the heme domain of Bradyrhizobium japonicum FixL in both the 'on' (deoxy) or 'off' (oxy) conformations [5] . The structures are remarkable in two respects: they have revealed a new fold and sensing mechanism for a heme protein, and they have uncovered a new member of the so-called PAS domain superfamily, providing new insights into the versatility of PAS domain functions.
Structure and mechanism of the FixL heme domain
The structural fold of the FixL heme domain is dominated by an antiparallel β sheet (Figure 2a ). This contrasts with the α helical folds characteristic of the classical heme proteins, such as hemoglobin, myoglobin or cytochrome c. The way the glove-like β sheet of FixL folds around the heme is more reminiscent of heme binding by the more ornate 'catcher's mitt' fold of the much larger nitric oxide synthase oxygenase domain [6] . In both of these protein domains, a solvent-accessible entryway for O 2 leads to the open, axial coordination position of a pentacoordinate heme embedded in a sequestered hydrophobic pocket.
In FixL, the binding of O 2 -or other strong-field ligands, such as CN --to the ferrous heme ion (Fe 2+ ) induces a high-spin to low-spin transition that ultimately leads to inactivation of the kinase domain [7] . In hemoglobin, this spin transition is transduced into allosteric changes via movements of the proximal histidine ligand of the heme. In the new FixL crystal structures [5] , however, the axial histidine ligand does not move between the 'on' met (high-spin Fe 3+ ) and 'off' cyanomet (low-spin Fe 3+ CN -) conformations, which mimic the in vivo deoxy-Fe 2+ to Fe 2+ O 2 spin transition [7] . Instead, the heme propionate groups are suggested to relay the spin transition signal by transducing increased planarity of the puckered porphyrin ring into backbone and side-chain conformational changes in the loop (residues 211-215) that follows FixL's long central helix [5] .
FixL is a member of the PAS domain superfamily
The heme domain of FixL is a member of the 'PAS' domain superfamily [8] . This domain superfamily was Activation of nitrogen-fixation genes by the FixL/FixJ two-component system. The FixL protein (red) has an amino-terminal transmembrane anchor (not shown), an oxygen-sensing heme domain, and a carboxyterminal histidine kinase domain. At low O 2 levels, FixL's heme is converted from low-spin to high-spin by the release of O 2 . Subsequent conformational changes in the heme domain transmit a structural signal that leads to activation of FixL's kinase domain by autophosphorylation. Subsequent phosphoryl transfer to the transcriptional activator FixJ (blue) leads to activation of the nifA and fixK genes [3, 4] , the products of which in turn trigger expression of the nitrogen-fixation genes, including those for the nitrogenase enzyme. only recently recognized and is named after the first three members to be identified: the Drosophila clock protein Period (Per), the vertebrate aryl hydrocarbon receptor nuclear translocator (ARNT) and the Drosophila single-minded protein (Sim). PAS domains can transduce signals by means of the protein-protein interactions that they mediate. They have been found in proteins from bacteria to humans, serving as components of a wide variety of molecular systems, including circadian clocks, ion channels and sensors of light, oxygen, redox potential and small ligands.
Until recently, the only known PAS domain structures were those of two forms of photoactive yellow protein (PYP): the ground state and a signalling intermediate [9] . PYP is a small cytoplasmic photoreceptor that is thought to mediate negative phototaxis in purple bacteria. The PYP structure was suggested, on the basis of extensive sequence comparisons, to provide a prototype fold for PAS domains [10] . Thus, when the structure of the PAS domain of ARNT was modeled on the basis of the PYP structure, the sequence similarities and differences of the two proteins were shown to be consistent with their having the same three-dimensional fold. This postulated PAS/PYP module, containing an amino-terminal cap, PAS core, helical connector and β scaffold regions, showed obvious potential for ligand binding [10] .
Subsequent studies have borne out the veracity of the PAS/PYP module. The further support came first from the crystal structure of the amino-terminal regulatory domain of the voltage-dependent K + channel HERG [11] -'human eag-related gene' -and now from the crystal structure of the oxygen-sensing heme domain of FixL [5] . Figure 2 shows a superposition of the two known PAS domain structures onto PYP; Table 1 shows root mean square (r.m.s.) deviations of backbone atoms for the conserved secondary structural elements that comprise more than half of the residues in each protein domain. Such high structural conservation (r.m.s. deviation < 1.4 Å) is totally unexpected given the very low level of sequence identity (approximately 10%, given which one would expect variation in the core of more than 2 Å, [12] ).
The hydrophobic core of each PAS domain is well conserved, quite surprisingly so considering the size of the heme cofactor in FixL. Only two core residues in FixL have side chains that differ significantly in size, compared to those of the equivalent residues in PYP and HERG, to allow heme binding: the equivalent residues to phenylalanine 96/98 and valine 120/leucine 127 in PYP/HERG are the smaller amino acids glycine 224 and glycine 251 in FixL. The largest conformational difference between FixL and other PAS domains is in the helical connector, which shows a translation displacement as large as 7 Å, compared with HERG, that allows the FixL PAS/PYP module to accommodate the heme cofactor (Figure 2b ).
Despite the strongly conserved three-dimensional fold, not a single residue is completely conserved among the hundreds of known PAS domain sequences. One structural feature is strongly conserved, however: amino-terminal capping of the first helix of the PAS core occurs in all known PAS domain structures -those of PYP, HERG and FixL -and in the ARNT model. In each of the amino-terminal caps, a side chain oxygen atom occupies an almost identical spatial position, making similar hydrogen bonds to main chain atoms (Figure 2c ). Such an interaction is a key element in understanding distant evolutionarily related proteins, showing that specific contacts can be preserved despite sequence variation and that identical patterns of fold-stabilizing interactions can be maintained through evolution.
Signal transduction by PAS domains
So far, FixL and PYP are the only PAS domain proteins for which structures are known in both the inactive and active signaling states [5, 9] . In the case of PYP, conformational changes occur in the PAS core in the neighborhood of the p-hydroxycinnamoyl chromophore, and are transmitted to the surface of the protein primarily through the chromophore and the arginine 52 side chain. These conformational changes are suggested to trigger some as-yet unidentified downstream partner of PYP through protein-protein interaction [9] . FixL, in contrast, is suggested to signal through the carboxy-terminal end of the helical connector.
The suggested signal-transducing regions of PYP and FixL are thus located at opposite ends of the long central helix. In FixL and HERG, this central helix is flanked, relative to that in PYP, by insertions. Because of the variations in both the sequence and structure of this helix, it is uncertain which side of the PAS domain provides interaction to its biological partner. Furthermore, the possibility that there are two signaling regions in PAS domains cannot be ruled out. This issue should be resolved when the structure has been determined that includes the sensing and the effector domains of a PAS-containing molecule. Further insights should come from mutagenesis experiments in which the putative interface between the heme-binding and kinase domains of FixL is disrupted; experiments of this kind might also help to elucidate how PAS domains interface with their downstream effectors. 
